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versification	which,	 for	commercially	harvested	species,	can	also	be	relevant	 to	 the	




region.	 This	 study	 combines	 comparative	 phylogeographic	 and	 population	 genetic	
analyses	with	 ecological	 niche	modeling	 to	 investigate	historical	 and	 contemporary	
population	dynamics	of	two	species	of	emperor	fish	(Lethrinus mahsena and Lethrinus 
harak)	across	the	SWIO.	Both	species	shared	similarly	shallow	phylogeographic	pat-
terns	and	modeled	historical	(LGM)	habitat	occupancies.	For	both	species,	allele	fre-
quency	 and	 kinship	 analyses	 of	 microsatellite	 variation	 revealed	 highly	 significant	
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1  | INTRODUCTION
Understanding	 the	 evolution	 of	marine	 biodiversity	 requires	 knowl-
edge	of	the	patterns	and	processes	underpinning	genetic	structuring	
of	 species.	 Combined	 demographic–genetic	 studies	 can	 reveal	 the	
spatial	and	temporal	scale	at	which	evolutionary	forces	are	occurring	
(Waples,	 1998)	 and,	 by	 extension,	 identify	 cryptic	 components	 of	
biodiversity	 and	 so	 allow	optimization	 of	 spatial	 conservation	 strat-
egies.	 Identification	of	 spatial	and	 temporal	processes	 is	particularly	
important	for	harvested	taxa,	as	genetic	diversity	and	adaptation	are	





the	tropical	 Indo-	Pacific,	 is	renowned	for	 its	diverse	marine	habitats	















Channel	 (Gopal,	Tolley,	 Groeneveld,	 &	Matthee,	 2006;	Muths	 et	al.,	
2011;	Silva,	Mesquita,	&	Paula,	2010a;	Visram	et	al.,	2010)	and	 iso-










The	 complex	 array	 of	 genetic	 population	 structures	 resolved	
to	 date	within	 the	 SWIO	 highlight	 the	 potential	 hazards	 of	making	
region-	wide	predictions	of	population	 structure	 from	single	 species.	
However,	 studies	 of	 ecologically	 similar	 and	 contemporaneously	
co-	distributed	 species	 represent	 analytical	 frameworks	 wherein	
variance	between	 lineages,	place,	 and	 time	are	minimized,	 and	 thus	
“general	rules”	 informative	to	subsets	of	taxa	may	be	resolved	(Bird,	
Holland,	 Bowen,	 &	 Toonen,	 2007,	 2011;	 Bohonak,	 1999;	 Dawson,	
2012;	Lester,	Ruttenberg,	Gaines,	&	Kinlan,	2007).	 In	 this	 study,	we	





(Kulmiye,	 Ntiba,	 &	 Kisia,	 2002),	 consists	 of	 shallow	 and	 protected	





15	years;	 Ebisawa	 &	 Ozawa,	 2009)	 protogynous	 hermaphrodites	
(Ebisawa,	2006;	Grandcourt,	2002),	but	many	aspects	of	their	repro-
ductive	biology	are	not	known	(Ebisawa,	2006;	Kulmiye	et	al.,	2002).	
Both	 species	have	pelagic	 larval	 stages	with	Nakamura	et	al.	 (2010)	
reporting	a	larval	duration	of	around	29	days	for	L. harak.
The	aim	was	 to	 test	 the	prediction	 that	both	species	would	dis-
play	similar	patterns	of	historical	(phylogeographic)	and	contemporary	
population	genetic	 structure	across	 the	SWIO.	As	 the	Lethrinidae	 is	
one	of	the	most	 important	families	of	fish	for	artisanal,	 recreational,	
and	subsistence	fisheries	(Carpenter	&	Allen,	1989;	Gouws,	2012),	the	
genetic	 patterns	 are	 interpreted	 in	 the	 context	of	 recurrent	 recruit-
ment	processes	 relevant	 to	 stock	 sustainability.	To	 this	 end,	 kinship	







2  | MATERIAL AND METHODS






For	 both	 species,	 a	 fragment	 of	 the	 mtDNA	 cytochrome	
c	 oxidase	 subunit	 I	 (COI)	 gene	 was	 amplified	 by	 polymerase	 
K E Y W O R D S
biodiversity	hot	spot,	chaotic	genetic	patchiness,	conservation,	cryptic	species,	kinship,	larval	
cohesion
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chain	 reaction	 (PCR)	 with	 species-	specific	 primers	 (L. mahsena: 
LmCOIF	 5′-	TGGTAGGAACAGCCCTAAGC-	3′	 &	 LmCOIR	 
5′-	 AGAATTGGGTCCCCTCCTC-	3′;	 L. harak:	 LhCOIF	 5′-	CGAA 
CTTAGTCAGCCCGGA-	3′	 &	 LhCOIR	 5′-	 TGCTGATAGAGGATTG 
GGTC-	3′)	 for	 a	 subset	 of	 individuals.	 PCRs	 were	 performed	 in	 a	













L. mahsena	 samples	 (described	 in	 Section	3).	 To	 investigate	 the	
frequency	of	 occurrence	of	 this	 clade	 elsewhere,	 a	 diagnostic	 PCR-	
RFLP	method	was	 developed	 and	 used	 to	 genotype	 all	 L. mahsena 
samples	(Appendix	S1:	Figure	S1).





conditions:	 180	s	 at	 95°C,	 followed	 by	 35	 cycles	 of	 30-	second	 de-
naturing	at	95°C,	30-	s	annealing	at	50°C,	and	30	s	at	72°C.	In	order	
to	 increase	 product	 strength	 and	 reduce	 nonspecific	 products,	 PCR	




10 μl	 reaction	contained	3	μl	 template	DNA,	1	pmol	of	each	primer,	
5	μl	of	2xBioMix	[1.5	mmol/L	MgCL2]	(Bioline,	UK),	and	1	μl	of	ddH2O.	
Amplicons	were	 separated	on	 an	Applied	Biosystems	3500	with	 al-
leles	inferred	using	the	Peak	Scanner	software	(Applied	Biosystems).	
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To	ensure	robustness	of	genotypes,	we	employed	a	double	genotyping	
as	described	by	McKeown,	Arkhipkin,	and	Shaw	(2017).
2.2 | Statistical analysis of mtDNA sequences
After	pruning	sequences,	a	 total	of	486	bp	of	 the	mtDNA	COI	gene	
was aligned across 72 L. mahsena and 104 L. harak	samples.	All	analy-
ses	of	mtDNA	sequences	were	conducted	in	Arlequin	3.5.1.2	(Excoffier	
&	 Lischer,	 2010)	 unless	 otherwise	 stated.	 Phylogenetic	 relationships	
among	sequences	were	inferred	using	maximum	likelihood	(ML)	trees	
in	MEGA	v6.06	 (Tamura,	Stecher,	Peterson,	Filipski,	&	Kumar,	2013)	
and	 Bayesian	 inference	 performed	 using	MrBayes	 v3.2	 (Ronquist	 &	













ation	among	samples	was	 further	 tested	by	global	and	pairwise	ΦST 
using	pairwise	haplotype	distances	 (Weir	&	Cockerham,	1984),	with	
associated p	values	estimated	after	10,000	permutations.
2.3 | Statistical analysis of microsatellite data












matrix	 correlation	 test	 in	GENALEX.	Genetic	 structure	was	 also	 in-














(Peakall	 &	 Smouse,	 2006)	 with	 associated	 95%	 confidence	 intervals	
determined	by	1,000	bootstraps.	Permutation	of	genotypes	among	all	
samples	 (999	 times)	was	used	 to	 calculate	 the	upper	 and	 lower	95%	
confidence	 intervals	 for	 the	 expected	 range	 of	 rqg	 under	 a	 panmictic	







2.4 | Estimation of Type I and Type II error rates
To	assess	differences	in	statistical	power	among	the	data	sets	for	both	






To	 evaluate	 suitable	 habitat	 ranges	 (and	 any	 geographical	 range	
changes)	of	L. harak and L. mahsena	during	the	Last	Glacial	Maximum	
(LGM;	 ~21	KYA),	 paleodistribution	 modeling	 was	 conducted.	 Post-	
1950s	 species	 occurrence	 data	 were	 obtained	 from	 the	 Global	
Biodiversity	 Information	 Facility	 (GBIF;	 http://www.gbif.org),	 along	
with	the	Ocean	Biogeographic	Information	System	(http://www.iobis.
org),	 resulting	 in	 a	 total	 of	 335	occurrences	of	L. harak	 and	152	of	
L. mahsena.	 Contemporary	 bioclimatic	 data,	 specifically	 generated	
for	 marine	 environments,	 were	 collected	 at	 5-	min	 resolution	 from	
MARSPEC	(Sbrocco	&	Barber,	2013;	Table	S1).	Models	were	gener-
ated	 in	 MAXENT	 v3.3.3	 (Phillips,	 Anderson,	 &	 Schapire,2006)	 and	
cross-	validation	conducted	using	10	replicate	runs,	under	the	default	
parameters.	Model	performance	was	assessed	based	upon	 the	area	
under	 the	 receiver	operating	characteristic	curve	 (AUC).	Finally,	 the	




3.1 | Cryptic genetic divergence in sympatry
Phylogenetic	 reconstruction	 of	 COI	 haplotypes	 among	 putative	
L. mahsena	 revealed	 the	 presence	 of	 two	 highly	 divergent	 clades	
within	 the	 SWIO,	 which	 were	 separated	 by	 20	 mutational	 steps	
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similarity	 to	 L. mahsena	 voucher	 specimens	 from	 Mozambique	
(JF493750.1,	 JF493751.1,	 JF493752.1);	 however,	 BLAST	 searches	
of	clade	B	 individuals	also	 identified	99%	sequence	similarity	 to	L. 
mahsena	voucher	specimens	from	India	(EF609387.1,	KM079305.1,	
KM079304.1,	KJ920117.1);	this	was	followed	by	97%	sequence	sim-
ilarity	 to	all	available	L. atkinsoni	voucher	specimens	 from	Western	





Figure	3).	Microsatellite	 genotypes	 revealed	 a	 clear	 differentiation	
between	 individuals	partitioned	according	to	their	mtDNA	clade	 in	
the	 FCA	 (Figure	4),	with	 a	 corresponding	 high	FST	 (0.01,	p	<	.001).	
This	 pattern	was	 also	 supported	 by	 assignment	 tests	which	 found	




3.2 | mtDNA COI sequence data
Overall	 haplotype	 and	 nucleotide	 diversities	 (Table	1)	 were	 simi-
lar	 for	both	L. harak	 (h	=	0.52,	π	=	0.0011)	and	L. mahsena	 (h	=	0.59,	
π	=	0.0018).	Network	 representation	of	L. mahsena	 (excluding	 clade	
B)	revealed	a	single	haplogroup	dominated	by	a	single	common	haplo-
type	present	across	all	SWIO	localities.	Similarly	for	L. harak,	a	single	
haplogroup	 was	 dominated	 by	 two	 common	 haplotypes	 (Figure	2):	
haplotype	2	which	was	dominant	in	Mauritius	and	haplotype	1	which	
was	dominant	across	all	other	SWIO	localities.
Although	 global	 values	 of	 genetic	 differentiation	 were	 high	
and	 significant	 for	 L. harak	 (ΦST	=	0.151,	 p = .002),	 pairwise	 tests	




not	significant	for	L. mahsena	 (ΦST	=	0.024,	p = .277),	and	although	
pairwise	ΦST	was	 high	 in	many	 cases,	 they	were	 all	 nonsignificant	
(Table	2).
Owing	 to	 small	 sample	 sizes,	 demographic	 tests	 were	 conducted	
globally.	Neither	Tajima’s	D	(D = −0.524,	p = .335)	nor	Fu’s	Fs	(Fs	=	−1.100,	
p = .280)	tests	detected	global	deviations	from	neutrality	for	L. harak.	For	
L. mahsena	Fu’s	Fs	was	significant	(Fs =	−4.617,	p = .002),	but	Tajima’s	D 
was	not	(D = −1.330,	p = .070).	Mismatch	analyses	were	compatible	with	
expansions	for	L. mahsena	(τ	=	1.078,	95%	CI:	0–3.43,	p = .690)	but	not	in	
L. harak	(τ	=	0.723,	95%	CI:	0.473–1.076,	p = .010).






















Madagascar: Belo sur Mer
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and	significant	between	all	samples	for	both	L. harak and L. mahsena 
(Table	2).	No	significant	IBD	effects	were	detected	for	either	species	[L. 
mahsena, R2	=	.071,	p	=	.340;	L. harak, R2	=	.434,	p	=	.090].	BAPS	anal-
ysis	detected	two	genetically	distinct	groups	within	the	L. harak data 
set,	with	Mauritius	 separated	 from	the	other	SWIO	samples	 (Figure	
S1);	 however,	 FCA	 divided	 samples	 into	 four	 groups	 corresponding	
to	sampling	sites	 (Figure	5).	For	L. mahsena,	BAPS	analysis	 identified	
three	groups	with	samples	from	the	Seychelles,	Mozambique,	and	the	
rest	 of	 the	 SWIO	each	 appearing	 to	 fall	within	 distinct	 populations	
(Figure	S1)	supported	by	FCA	(Figure	5).
Values	of	relatedness	based	on	rgq	fell	within	the	95%	confidence	







Lm	=	Lethrinus mahsena,	La	=	Lethrinus atkinsoni,	Lh	=	Lethrinus harak.	Haplotype	(H)	numbers	for	L.	mahsena	and	L. harak	correspond	to	Tables	
S2	and	S3,	for	L. atkinsoni	H1	=		GenBank	sequences	from	Queensland,	Australia	(KP194639.1,	KP194307.1).	laH2	=		GenBank	sequences	from	
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F IGURE  4 Factorial	correspondence	analysis	showing	multivariate	relationships	among	microsatellite	genotypes	of	Lethrinus mahsena 
samples	from	Mahe	(SM)	and	Praslin	(SP)	Islands	in	the	Seychelles.	Samples	were	sorted	by	mitochondrial	CO1	clade	(clade	A/clade	B),	classified	
by	through	PCR-	RFLP	analysis












TABLE  1  (a)	Mitochondrial	genetic	diversity	levels,	mtDNA	neutrality	tests,	and	a	summary	of	mismatch	distributions	for	486	bp	of	Lethrinus 
harak and Lethrinus mahsena	COI	mtDNA:	mtDNA	sample	size	=	N,	number	of	haplotypes	=	H,	number	of	private	haplotypes	=	pHap,	haplotype	




(a) mtDNA (COI) (b) Microsatellite
N H Phap h π N NA HO HE p
Mauritius
 L. harak 22 2 0 0.42	(0.09) 0.0008	(0.0009) 43 4.00 0.52 0.45 .000
 L. mahsena 18 4 1 0.54	(0.12) 0.0017	(0.0014) 19 4.40 0.59 0.56 .023
Seychelles	Mahe
 L. mahsena 3 3 2 1.00	(0.27) 0.0027	(0.0028) 12 3.60 0.58 0.50 .044
Tanzania
 L. harak 18 4 2 0.63	(0.07) 0.0015	(0.0013) 60 4.11 0.42 0.42 .000
 L. mahsena 18 5 1 0.57	(0.13) 0.0016	(0.0014) 21 4.40 0.54 0.53 .412
Mozambique	Pemba
 L. harak 22 3 0 0.39	(0.11) 0.0008	(0.0008) 44 3.89 0.41 0.42 .000
 L. mahsena 3 3 0 1.00	(0.27) 0.0041	(0.0039) 7 3.10 0.46 0.45 .246
Mozambique	Maputo
 L. mahsena 6 3 0 0.60	(0.22) 0.0018	(0.0020) 10 3.60 0.45 0.49 .053
Madagascar	Belo	sur	Mer
 L. harak 42 3 0 0.47	(0.06) 0.0009	(0.0009) 100 4.78 0.42 0.42 .000
 L. mahsena 5 2 1 0.60	(0.18) 0.0012	(0.0014) 5 2.30 0.53 0.40 .991
Total
 L. harak 104 5 2 0.52	(0.03) 0.0011	(0.0019) 247 4.19 0.44 0.42 .000
 L. mahsena 53 9 7 0.59	(0.07) 0.0018	(0.0036) 72 3.57 0.52 0.49 .025
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could	not	be	unambiguously	classified	as	related	or	unrelated	for	both	




Mean	AUC	 values	were	 0.985	 (SD	=	0.003)	 and	 0.980	 (SD	=	0.016)	
for	L. harak and L. mahsena,	respectively,	indicating	very	good	model	
performance.	 Present-	day	models	 for	 both	 L. harak and L. mahsena 
appear	to	accurately	reflect	the	known	contemporary	ranges	of	both	
species,	 with	 suitable	 habitats	 aggregated	 in	 coastal	 environments	
across	 the	 Indian	and	western	Pacific	Oceans	 (Figure	6).	Despite	an	
overall	reduction	in	suitable	habitat	during	the	LGM,	this	appears	to	
take	 the	 form	of	 a	 geographically	 homogeneous	 contraction	 across	




An	 important	 result	 was	 the	 detection	 of	 two	 highly	 divergent	
mtDNA	clades	(A	and	B)	co-	occurring	within	samples	all	described	
initially	 as	 L. mahsena	 from	 two	 sites	 in	 the	 Seychelles.	 Targeted	
PCR-	RFLP	analysis	of	all	of	our	samples	suggests	that	clade	B	was	
confined	 to	 the	 Seychelles	 samples.	 Although	 both	 clade	 A	 and	
clade	B	exhibited	high	sequence	similarity	with	L. mahsena voucher 
specimens	 from	 Mozambique	 and	 India,	 respectively,	 sequence	
divergence	between	the	two	clades	 (mean	4.4%)	was	 in	excess	of	
even	 conservative	 thresholds	 of	 species-	level	 divergence	 (Roux	
et	al.,	 2016;	 Zemlak,	 Ward,	 Connell,	 Holmes,	 &	 Hebert,	 2009).	








gesting	 that	 clade	B	may	 represent	 a	highly	divergent	L. atkinsoni 
clade	lying	well	outside	of	the	currently	described	species	distribu-
tion,	or	that	clade	B	represents	an	undescribed	species	most	closely	
related to L. atkinsoni.	 Overall,	 the	 cytonuclear	 differentiation	 in-
dicates	the	sympatric	occurrence	of	a	second	species	alongside	L. 




and	 used	 as	 voucher	 specimens.	 Further	 evidence	 of	 misidentifi-
cation	 is	 apparent	 among	 sequences	 deposited	 as	 L. mahsena on 










COI 0.049 0.407* 0.256





COI −0.038 0.127 0.127 0.035
msat 0.043* 0.241* 0.022* 0.012*
Mozambique	Pemba
COI −0.044 0.000 −0.043 0.002
msat 0.118* 0.128* 0.239* 0.013*
Mozambique	Maputo
COI −0.116 0.100 −0.092 −0.154
msat 0.194* 0.191* 0.289* 0.075*
Madagascar	Belo	sur	Mer
COI 0.176 0.157 0.150 0.164 0.178
msat 0.065* 0.241* 0.088* 0.218* 0.267*
Statistically	significant	estimations	(p < .05)	are	indicated	in	bold,	and	those	significant	after	Bonferroni	correction	are	denoted	with	a	*.
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have	 a	 greater	 similarity	 (99%)	with	 L. lentjan	 voucher	 specimens	
from	 Iran,	 whereas	 supposed	 L. mahsena	 sequences	 from	 Japan	
(JF952782.1)	exhibit	greatest	similarity	(91%)	to L. rubrioperculatus. 
In	general,	the	meristic	and	morphological	features	of	emperor	fish	
are	conservative	(Carpenter	&	Allen,	1989)	and	distinct	species	are	
often	difficult	 to	 identify	easily	by	morphology	alone	 (Sato,	1971;	
Smith,	 1959).	 Failure	 to	 describe	 the	 full	 species	 diversity	 and/or	
misidentification	 of	 species	 may	 fundamentally	 compromise	 con-




distinct	 species	 ranges.	 The	 cryptic	 biocomplexity	 resolved	 here,	
as	well	as	other	cases	of	 identification	of	cryptic	 lethrinid	species	
(Borsa,	Hsiao,	Carpenter,	&	Chen,	2013),	emphasizes	the	need	for	
genetic	 studies	on	a	wider	geographical	 scale	 to	 fully	 resolve	 lev-
els	 of	 intraspecific	 and	 interspecific	 diversification,	 as	well	 as	 for	
the	development	of	low-	cost	species	identification	and	assignment	
techniques	 as	 resources	 for	 management	 such	 as	 the	 PCR-	RFLP	
procedure	developed	here.
4.2 | Population history of Lethrinus harak and 
Lethrinus mahsena across the SWIO
Hindcasting	of	ecological	niche	models	 (ENMs)	suggested	a	marked	




Visram	 et	al.	 2010)	 and	 crustaceans	 (Fratini	 et	al.,2010;	 Gopal	
et	al.,2006;	 Tolley,	 Groeneveld,	 Gopal,	 &	Matthee,2005),	 it	 is	 likely	
that	 eustatic	 sea-	level	 fluctuations	 during	 the	 Pleistocene	 effected	
demographic	 changes	 in	 SWIO	 lethrinids.	 mtDNA	 phylogenies	 for	
both	 species	 conformed	 to	 classical	 “star”-	shaped	 patterns	 (Slatkin	







reported	 in	 many	 other	 SWIO	 species.	 Therefore,	 it	 would	 appear	





4.3 | Population structure of L. harak and L mahsena 
across the SWIO
Although	mtDNA	ΦST	values	were	high	for	both	species,	pairwise	com-
parisons	 between	 samples	 were	 largely	 nonsignificant.	 In	 contrast,	
highly	significant	nuclear	(microsatellite)	differentiation	was	reported	
among	 samples	 for	both	 species.	 Such	a	pattern	 is	 compatible	with	
the	greater	statistical	power	of	the	nuclear	data	set	as	estimated	by	
POWSIM.	 Similarly,	 Muths	 et	al.	 (2011)	 detected	 a	 significant	 fine	
scale	 genetic	 structuring	 in	 the	WIO	 for	Myripristis berndti, while a 
previous	mtDNA-	based	study	indicated	extensive	connectivity	(Craig	




structuring	 for	 both	 species	was	 also	 significant	 upon	 conservative	
correction	for	null	alleles	(as	discussed	by	Shaw	et	al.,	2010)	and	was	
not	driven	by	single-	locus	effects	 (no	 loci	 identified	as	outliers).	FST 
values	were	considerably	higher	for	L. mahsena	than	for	correspond-
ing	 comparisons	 in	 L. harak.	While	 POWSIM	 indicated	 a	 low	 Type	
I	 error	 rate	 for	both	data	 sets	 in	qualitative	 (allele	 frequency)	 tests,	
the	smaller	sample	sizes	for	L. mahsena	may	have	inflated	FST values 






provided	 by	 the	 kinship	 analyses,	 which	 examine	 how	 alleles	 are	
shared	among	individuals	and	provide	an	independent	test	of	the	hy-
pothesis	that	structure	as	quantified	by	FST,	which	focuses	on	popula-
tion	allele	 frequencies,	 is	a	 result	of	connectivity	 (Christie,	 Johnson,	











that	may	be	 a	 useful	 tool	 for	 better	 understanding	 recruitment	 dy-
namics	and	connectivity	in	these	species	(Knutsen	et	al.,	2011;	Selkoe,	
Gaines,	Caselle,	&	Warner,	2006).
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of	Mascarene	populations	has	been	observed	for	several	other	reef-	
associated	 species	 (Muths	 et	al.,2011,2015)	 and	 linked	 to	 a	 combi-
nation	of	large	geographical	distances	from	other	coasts	(>1,000	km),	
and	 a	 barrier	 effect	 due	 to	 the	 landmass	 of	 Madagascar.	 Genetic	












































be	 conducive	 to	 sweepstakes	 effects,	while	 local	 seascape	 features	
may	 contribute	 to	 recruitment	 heterogeneity	 (McKeown,	 Hauser,	
&	Shaw,	2017).	The	Mozambique	Channel	has	a	dominant	 seasonal	
anticyclonic	cell	at	the	northern	entrance,	as	well	as	a	succession	of	
mesoscale	 anticyclonic	 and	 cyclonic	 eddies	 along	 the	 Mozambique	
coast	 (Schouten,	 de	 Ruijter,	 Van	 Leeuwen,	 &	 Ridderinkhof,	 2003;	
Swart,	 Lutjeharms,	Ridderinkhof,	&	De	Ruijter,	 2010).	 Such	 features	
have	been	suggested	to	contribute	to	stochastic	recruitment/genetic	
patchiness	within	 the	 region	 in	 a	 number	 of	 species	 (Bourjea	 et	al.,	
2007;	Hoareau,	Boissin,	 Paulay,	&	Bruggemann,	 2013;	Muths	 et	al.,	
2015)	and	may	contribute	to	the	differentiation	among	samples	from	
both	 species	within	 the	Mozambique	 Channel	 reported	 here.	 Even	
in	 the	 absence	 of	 genetically	 isolated	 source	 populations,	 larval	 co-
hesion	 (Selkoe	et	al.,	2006)	may	enhance	 (Waples,	2002)	and	be	ef-
fectively	indistinguishable	from	sweepstake	effects	(Turner,	Dowling,	
Marsh,	 Kesner,	 &	 Kelsen,	 2007).	 Berry,	 England,	Marriott,	 Burridge,	
and	 Newman	 (2012)	 reported	 evidence	 for	 cohesion	 among	 larval	
and	 juvenile	L.	nebulosus	but	 suggested	 that	 this	was	 subsequently	
dissipated	 by	 cumulative	 dispersal	 of	 juveniles	with	 no	 nonrandom	





Disentangling	 the	exact	 roles	of	 recruitment	heterogeneity	and	
restricted	gene	 flow	will	 require	more	sensitive	genetic	assays	and	
would	 benefit	 from	 analysis	 of	 age-	segregated	 samples	 (Burford,	
Carr,	&	Bernardi,	 2011).	However,	 the	 overall	 results	 indicate	 pro-




gional	 seascape	 drivers	within	 the	 SWIO.	 In	 these	 cases,	 a	 spatial	
“bet-	hedging”	approach	is	advised	for	marine	resource	management,	
including	 geographical	 dispersion	of	marine	 reserves	 if	 they	 are	 to	
be	 used	 (Larson	 &	 Julian,	 1999).	 The	 ability	 to	 predict	 population	
structure	across	taxa	applies	directly	to	the	implementation	of	MPAs.	
L. harak and L. mahsena	 reported	similar	historical	modeled	habitat	
occupancy	 and	 phylogeographic	 patterns,	 while	 resolved	 genetic	












The	 Institute	 of	 Biological	 Environmental	 and	 Rural	 Sciences	






















Belkhir,	 K.,	 Borsa,	 P.,	 Chikhi,	 L.,	 Raufaste,	 N.,	 &	 Bonhomme,	 F.	 (2004).	
GENETIX 4.05, Population genetics software for Windows TM.	Montpellier,	
France:	Université	de	Montpellier	I.
Benny,	P.	N.	(2002).	Variability	of	Western	Indian	Ocean	currents.	Western 




Indian	 Ocean.	 Ambio,	 31,	 597–601.	 https://doi.org/10.1639/0044-
7447(2002)	031[0597:stmrfs]2.0.co;2
Berry,	 O.,	 England,	 P.,	 Marriott,	 R.	 J.,	 Burridge,	 C.	 P.,	 &	 Newman,	 S.	 J.	
(2012).	 Understanding	 age-	specific	 dispersal	 in	 fishes	 through	 hy-
drodynamic	 modelling,	 genetic	 simulations	 and	 microsatellite	




similar	 life	 histories.	 Molecular Ecology,	 16,	 3173–3186.	 https://doi.
org/10.1111/j-1365-294X.2007.03385.x
Bird,	C.	E.,	Holland,	B.	S.,	Bowen,	B.	W.,	&	Toonen,	R.	J.	(2011).	Diversification	
of	 sympatric	 broadcast-	spawning	 limpets	 (Cellana	 spp.)	 within	 the	
Hawaiian	archipelago.	Molecular Ecology,	20,	 2128–2141.	https://doi.
org/10.1111/j.1365-294X.2011.05081.x
12  |     HEALEY Et AL.
Bohonak,	 A.	 J.	 (1999).	 Dispersal,	 gene	 flow,	 and	 population	 structure.	






Bourjea,	 J.,	 Lapegue,	 S.,	 Gagnevin,	 L.,	 Broderick,	 D.,	 Mortimer,	 J.	 A.,	
Ciccione,	S.,	…	Grizel,	H.	 (2007).	Phylogeography	of	 the	green	turtle,	




two	cryptic	rockfish	species.	Marine Ecology Progress Series,	442,	201–
215.	https://doi.org/10.3354/meps09329
Carpenter,	K.	E.,	&	Allen,	G.	R.	(1989).	FAO species catalogue. Emperor fishes 
and large-eye breams of the world (family Lethrinidae),	 125(9).	 Rome:	
Food	and	Agriculture	Organization.
Cavalli-Sforza,	L.	L.,	&	Edwards,	A.	W.	F.	(1967).	Phylogenetic	analysis	mod-
els	and	estimation	procedures.	American Journal of Human Genetics,	19,	
233–257.
Chapuis,	M.	P.,	&	Estoup,	A.	(2007).	Microsatellite	null	alleles	and	estima-
tion	of	population	differentiation.	Molecular Biology and Evolution,	24,	
621–631.	https://doi.org/10.1093/molbev/msl191
Chiang,	H.	C.,	Hsu,	C.	C.,	Wu,	G.	C.	C.,	Chang,	S.	K.,	&	Yang,	H.	Y.	(2008).	
Population	 structure	 of	 bigeye	 tuna	 (Thunnus obesus)	 in	 the	 Indian	
Ocean	inferred	from	mitochondrial	DNA.	Fisheries Research,	90,	305–
312.	https://doi.org/10.1016/j.fishres.2007.11.006




Corander,	 J.,	 Waldmann,	 P.,	 Marttinen,	 P.,	 &	 Sillanpaa,	 M.	 J.	 (2004).	
BAPS	2:	Enhanced	possibilities	for	the	analysis	of	genetic	population	




Myripristis berndti	(Holocentridae).	Marine Ecology Progress Series,	334,	
245–254.	https://doi.org/10.3354/meps334245




prawn,	 Penaeus	 monodon,	 among	western	 Indian	 Ocean	 and	west-
ern	 Pacific	 populations.	 Marine Biology,	 134,	 705–710.	 https://doi.
org/10.1007/s002270050586
Ebisawa,	A.	(2006).	Reproductive	and	sexual	characteristics	in	five	Lethrinus	







and	Windows.	Molecular Ecology Resources,	10,	 564–567.	https://doi.
org/10.1111/j.1755-0998.2010.02847.x
Fratini,	 S.,	 Ragionieri,	 L.,	 &	 Cannicci,	 S.	 (2010).	 Stock	 structure	 and	 de-
mographic	 history	 of	 the	 Indo-	West	 Pacific	 mud	 crab	 Scylla ser-
rata. Estuarine Coastal and Shelf Science,	 86,	 51–61.	 https://doi.
org/10.1016/j.ecss.2009.10.009
Fratini,	 S.,	&	Vannini,	M.	 (2002).	Genetic	differentiation	 in	 the	mud	crab	
Scylla serrata	(Decapoda:	Portunidae)	within	the	Indian	Ocean.	Journal 





in	 the	North	Atlantic	 and	Mediterranean	 Sea.	Biological Journal of 




pus	(Scyphozoa).	Biological Journal of the Linnean Society,	116,	582–592.	
https://doi.org/10.1111/bij.12614
Gopal,	 K.,	 Tolley,	 K.	 A.,	 Groeneveld,	 J.	 C.,	 &	 Matthee,	 C.	 A.	 (2006).	
Mitochondrial	DNA	variation	 in	 spiny	 lobster	Palinurus delagoae sug-
gests	 genetically	 structured	 populations	 in	 the	 southwestern	 Indian	
Ocean.	 Marine Ecology Progress Series,	 319,	 191–198.	 https://doi.
org/10.3354/meps319191
Gouws,	G.	(2012).	Genetic	stock	assessment	of	the	blue	emperor	(Lethrinus 
nebulosus)	 in	 the	 South	 West	 Indian	 Ocean.	 South	 West	 Indian	
Ocean	 Fisheries	 Project	 report.	 South	 African	 Institute	 for	 Aquatic	
Biodiversity.
Grandcourt,	E.	M.	(2002).	Demographic	characteristics	of	a	selection	of	
exploited	 reef	 fish	 from	 the	 Seychelles:	 Preliminary	 study.	 Marine 
and Freshwater Research,	 53,	 123–130.	 https://doi.org/10.1071/
mf01123
Hall,	T.	A.	 (1999).	 BioEdit:	A	 user-	friendly	 biological	 sequence	 alignment	
editor	 and	 analysis	 program	 for	 Windows	 95/98/NT.	 Nucleic Acids 
Symposium Series,	41,	95–98.
Hoareau,	 T.	 B.,	 Boissin,	 E.,	 &	 Berrebi,	 P.	 (2012).	 Evolutionary	 history	 of	
a	 widespread	 Indo-	Pacific	 goby:	 The	 role	 of	 Pleistocene	 sea-	level	
changes	 on	 demographic	 contraction/expansion	 dynamics.	Molecular 
Phylogenetics and Evolution,	62(1),	566–572.	https://doi.org/10.1016/j.
ympev.2011.10.004
Hoareau,	 T.	 B.,	 Boissin,	 E.,	 Paulay,	 G.,	 &	 Bruggemann,	 J.	 H.	 (2013).	 The	
Southwestern	Indian	Ocean	as	a	potential	marine	evolutionary	hotspot:	









abundance.	 Science,	 215(4533),	 627–633.	 https://doi.org/10.1126/
science.215.4533.627
Kalinowski,	S.	T.,	Wagner,	A.	P.,	&	Taper,	M.	L.	(2006).	ML-	Relate:	A	com-
puter	 program	 for	 maximum	 likelihood	 estimation	 of	 relatedness	





coastal Atlantic cod. Molecular Ecology,	 20(4),	 768–783.	 https://doi.
org/10.1111/j.1365-294X.2010.04979.x
Kulmiye,	A.	J.,	Ntiba,	M.	J.,	&	Kisia,	S.	M.	(2002).	Some	aspects	of	the	repro-
ductive	biology	of	 the	thumbprint	emperor,	Lethrinus harak	 (Forsskal,	
1775),	 in	 Kenyan	 Coastal	 Waters.	 Western Indian Ocean Journal of 
Marine Science,	1,	135–144.
Larson,	R.	J.,	&	Julian,	R.	M.	 (1999).	Spatial	 and	 temporal	genetic	patch-
iness	 in	marine	populations	 and	 their	 implications	 for	 fisheries	man-
agement.	California Cooperative Oceanic Fisheries Investigations Reports,	
40,	94–99.
Larsson,	L.	C.,	Charlier,	J.,	Laikre,	L.,	&	Ryman,	N.	(2009).	Statistical	power	
for	 detecting	 genetic	 divergence—organelle	 versus	 nuclear	 mark-
ers. Conservation Genetics,	 10(5),	 1255.	 https://doi.org/10.1007/
s10592-008-9693-z







Letters,	 10,	 745–758.	 https://doi.org/10.1111/j.1461-0248.2007. 
01070.x
McKeown,	N.	J.,	Arkhipkin,	A.	 I.,	&	Shaw,	P.	W.	 (2017).	Regional	 genetic	
population	structure	and	fine	scale	genetic	cohesion	in	the	Southern	
blue	whiting	Micromesistius australis. Fisheries Research,	185,	176–184.	
https://doi.org/10.1016/j.fishres.2016.09.006
McKeown,	 N.	 J.,	 Hauser,	 L.,	 &	 Shaw,	 P.	W.	 (2017).	 Microsatellite	 geno-
typing	 of	 brown	 crab	Cancer pagurus	 reveals	 fine	 scale	 selection	 and	
‘non-	chaotic’	 genetic	 patchiness	 within	 a	 high	 gene	 flow	 system.	
Marine Ecology Progress Series,	566,	 91–103.	 https://doi.org/10.3354/
meps12044
Muths,	 D.,	 Grewe,	 P.,	 Jean,	 C.,	 &	 Bourjea,	 J.	 (2009).	 Genetic	 population	
structure	 of	 the	 Swordfish	 (Xiphias gladius)	 in	 the	 southwest	 Indian	




genetic	 marker	 approach	 and	 spatio-	temporal	 analysis	 suggest	
there	 is	 a	 single	 panmictic	 population	 of	 swordfish	 Xiphias gladius 
in	 the	 Indian	Ocean.	PLoS ONE,	8,	 https://doi.org/10.1371/journal.
pone.0063558
Muths,	D.,	Tessier,	E.,	&	Bourjea,	J.	 (2015).	Genetic	 structure	of	 the	 reef	
grouper	Epinephelus merra	in	the	West	Indian	Ocean	appears	congruent	
with	biogeographic	and	oceanographic	boundaries.	Marine Ecology- an 
Evolutionary Perspective,	 36,	 447–461.	 https://doi.org/10.1111/
maec.12153
Muths,	D.,	Tessier,	 E.,	 Gouws,	G.,	 Craig,	M.,	Mwale,	M.,	Mwaluma,	 J.,	 &	
Bourjea,	J.	(2011).	Restricted	dispersal	of	the	reef	fish	Myripristis ber-
ndti	at	the	scale	of	the	SW	Indian	Ocean.	Marine Ecology Progress Series,	
443,	167–180.	https://doi.org/10.3354/meps09394
Nakamura,	 Y.,	 Shibuno,	 T.,	 Suzuki,	 N.,	 Nakamori,	 J.,	 Kanashiro,	 K.,	 &	
Watanabe,	 Y.	 (2010).	 Interspecific	 variations	 in	 age	 and	 size	 at	 set-
tlement	 of	 8	 emperor	 fishes	 (Lethrinidae)	 at	 the	 southern	 Ryukyu	
Islands,	Japan.	Fisheries Science,	76,	503–510.	https://doi.org/10.1007/
s12562-010-0225-7
Nei,	M.	 (1987).	Molecular evolutionary genetics.	 New	York,	NY:	 Columbia	
University	Press.
Peakall,	 R.,	 &	 Smouse,	 P.	 E.	 (2006).	 GENALEX	 6:	 Genetic	 analy-
sis	 in	 Excel.	 Population	 genetic	 software	 for	 teaching	 and	 re-












Queller,	 D.	 C.,	 &	 Goodnight,	 K.	 F.	 (1989).	 Estimating	 relatedness	
using	 genetic	 markers.	 Evolution,	 43,	 258–275.	 https://doi.
org/10.1111/j.1558-5646.1989.tb04226.x
Ragionieri,	 L.,	 Cannicci,	 S.,	 Schubart,	 C.	 D.,	 &	 Fratini,	 S.	 (2010).	 Gene	
flow	 and	 demographic	 history	 of	 the	mangrove	 crab	Neosarmatium	
meinerti:	 A	 case	 study	 from	 the	 western	 Indian	 Ocean.	 Estuarine 
Coastal and Shelf Science,	 86,	 179–188.	 https://doi.org/10.1016/j.
ecss.2009.11.002
Ragionieri,	L.,	Fratini,	S.,	Vannini,	M.,	&	Schubart,	C.	D.	(2009).	Phylogenetic	
and	 morphometric	 differentiation	 reveal	 geographic	 radiation	 and	
pseudo-	cryptic	 speciation	 in	 a	 mangrove	 crab	 from	 the	 Indo-	West	





Ridgway,	 T.,	 &	 Sampayo,	 E.	M.	 (2005).	 Population	 genetic	 status	 of	 the	
Western	 Indian	 Ocean:	 What	 do	 we	 know?	 Western Indian Ocean 
Journal of Marine Science,	4,	1–10.
Ronquist,	F.,	&	Huelsenbeck,	J.	P.	(2003).	MrBayes	3:	Bayesian	phylogenetic	
inference	 under	 mixed	 models.	 Bioinformatics,	 19(12),	 1572–1574.	
https://doi.org/10.1093/bioinformatics/btg180
Roux,	 C.,	 Fraisse,	 C.,	 Romiguier,	 J.,	 Anciaux,	Y.,	 Galtier,	 N.,	 &	 Bierne,	 N.	
(2016).	Shedding	light	on	the	grey	zone	of	speciation	along	a	contin-
uum	of	genomic	divergence.	PLoS Biology,	14(12),	e2000234.
Ruzzante,	 D.	 E.,	 Mariani,	 S.,	 Bekkevold,	 D.,	 Andre,	 C.,	 Mosegaard,	 H.,	
Clausen,	L.	A.	W.,	&	Carvalho,	G.	R.	(2006).	Biocomplexity	in	a	highly	
migratory	pelagic	marine	fish,	Atlantic	herring.	Proceedings of the Royal 
Society B- Biological Sciences,	 273(1593),	 1459–1464.	 https://doi.
org/10.1098/rspb.2005.3463
Ryman,	 N.,	 &	 Palm,	 S.	 (2006).	 POWSIM:	 A	 computer	 program	 for	
assessing	 statistical	 power	 when	 testing	 for	 genetic	 differ-
entiation. Molecular Ecology Notes,	 6,	 600–602.	 https://doi.
org/10.1111/j.1365-294X.2006.01378.x
Ryman,	N.,	Utter,	F.,	&	Laikre,	L.	 (1995).	Protection	of	 intraspecific	biodi-
versity	of	exploited	fishes.	Reviews in Fish Biology and Fisheries,	5,	417–
446.	https://doi.org/10.1007/bf01103814
Sato,	 T.	 (1971).	 A	 revision	 of	 the	 Japanese	 sparoid	 fishes	 of	 the	 genus	
Lethrinus. Journal of the Facility of Science: University of Tokyo,	4(12),	2.
Sbrocco,	E.	J.	 (2014).	Paleo-	MARSPEC:	Gridded	ocean	climate	 layers	 for	
the	mid-	Holocene	and	Last	Glacial	Maximum.	Ecology,	95,	1710–1710.	
https://doi.org/10.1890/14-0443.1
Sbrocco,	 E.	 J.,	 &	 Barber,	 P.	 H.	 (2013).	 MARSPEC:	 Ocean	 climate	 lay-
ers	 for	 marine	 spatial	 ecology.	 Ecology,	 94,	 979–979.	 https://doi.
org/10.1890/12-1358.1
Schouten,	M.	W.,	de	Ruijter,	W.	P.,	Van	Leeuwen,	P.	J.,	&	Ridderinkhof,	H.	
(2003).	Eddies	 and	variability	 in	 the	Mozambique	Channel.	Deep Sea 
Research Part II: Topical Studies in Oceanography,	50(12),	 1987–2003.	
https://doi.org/10.1016/S0967-0645(03)00042-0
Selkoe,	 K.	 A.,	 Gaines,	 S.	 D.,	 Caselle,	 J.	 E.,	 &	 Warner,	 R.	 R.	 (2006).	
Current	 shifts	 and	 kin	 aggregation	 explain	 genetic	 patchi-
ness	 in	 fish	 recruits.	 Ecology,	 87(12),	 3082–3094.	 https://doi.
org/10.1890/0012-9658(2006)87[3082:CSAKAE]2.0.CO;2
Shaw,	 P.	W.,	Hendrickson,	 L.,	McKeown,	N.	 J.,	 Stonier,	T.,	Naud,	M.	 J.,	
&	Sauer,	W.	H.	H.	 (2010).	Discrete	spawning	aggregations	of	 loligi-
nid	 squid	 do	 not	 represent	 genetically	 distinct	 populations.	Marine 
Ecology Progress Series,	 408,	 117–127.	 https://doi.org/10.3354/
meps08593
Silva,	 I.	C.,	Mesquita,	N.,	&	Paula,	J.	 (2010a).	Genetic	 and	morphological	
differentiation	of	the	mangrove	crab	Perisesarma guttatum	(Brachyura:	
Sesarmidae)	along	an	East	African	latitudinal	gradient.	Biological Journal 








DNA	 sequences	 in	 stable	 and	 exponentially	 growing	 populations.	
Genetics,	129,	555–562.
Smith,	J.	 L.	B.	 (1959).	 Fishes	of	 the	 family	 Lethrinidae	 from	 the	western	
Indian	Ocean.	Icthyological Bulletin Rhodes University,	17,	285–295.
14  |     HEALEY Et AL.
Smith,	J.	L.	B.,	Smith,	M.	M.,	&	Heemstra,	P.	C.	 (2003).	Smiths’ sea fishes. 
Struik.	Johannesburg,	South	Africa:	Macmillan	South	Africa.
Swart,	N.	C.,	Lutjeharms,	J.	R.	E.,	Ridderinkhof,	H.,	&	De	Ruijter,	W.	P.	M.	
(2010).	 Observed	 characteristics	 of	 Mozambique	 Channel	 eddies.	
Journal of Geophysical Research: Oceans,	115(C9).
Tamura,	K.,	Stecher,	G.,	Peterson,	D.,	Filipski,	A.,	&	Kumar,	S.	(2013).	MEGA6:	
Molecular	 evolutionary	 genetics	 analysis	 version	 6.0.	Molecular Biology 
and Evolution,	 30(12),	 2725–2729.	 https://doi.org/10.1093/molbev/
mst197
Therkildsen,	 N.	 O.,	 Hemmer-Hansen,	 J.,	 Hedeholm,	 R.	 B.,	 Wisz,	 M.	 S.,	




Thompson,	 J.	 D.,	 Higgins,	 D.	 G.,	 &	 Gibson,	 T.	 J.	 (1994).	 CLUSTAL-	W	 –	
Improving	the	sensitivity	of	progressive	multiple	sequence	alignment	
through	 sequence	 weighting,	 position-	specific	 gap	 penalties	 and	
weight	matrix	choice.	Nucleic Acids Research,	22,	4673–4680.	https://
doi.org/10.1093/nar/22.22.4673
Tolley,	 K.	 A.,	 Groeneveld,	 J.	 C.,	 Gopal,	 K.,	 &	 Matthee,	 C.	 A.	 (2005).	
Mitochondrial	DNA	panmixia	 in	 spiny	 lobster	Palinurus gilchristi sug-




razorback	sucker,	Xyrauchen texanus. Conservation Genetics,	8(2),	417–
425.	https://doi.org/10.1007/s10592-006-9181-2
Van	Herwerden,	L.,	Benzie,	J.,	&	Davies,	C.	(2003).	Microsatellite	variation	
and	 population	 genetic	 structure	 of	 the	 red	 throat	 emperor	 on	 the	
Great	 Barrier	 Reef.	 Journal of Fish Biology,	 62,	 987–999.	 https://doi.
org/10.1046/j.1095-8649.2003.00075.x
Van	 Herwerden,	 L.,	 Benzie,	 J.,	 Peplow,	 L.,	 &	 Davies,	 C.	 (2000).	
Microsatellite	 markers	 for	 coral	 trout	 (Plectropomus laevis)	 and	 red	
throat	 emperor	 (Lethrinus miniatus)	 and	 their	 utility	 in	 other	 spe-




of	 the	 blue	 barred	 parrotfish	 (Scarus ghobban)	 in	 the	western	 Indian	
Ocean.	 Marine Biology,	 157,	 1475–1487.	 https://doi.org/10.1007/
s00227-010-1422-8
Waples,	 R.	 S.	 (1998).	 Separating	 the	wheat	 from	 the	 chaff:	 Patterns	 of	
genetic	differentiation	 in	high	gene	 flow	 species.	 Journal of Heredity,	
89(5),	438–450.	https://doi.org/10.1093/jhered/89.5.438
Waples,	R.	 S.	 (2002).	Evaluating	 the	effect	of	 stage-	specific	 survivorship	
on	 the	 N-	e/N	 ratio.	 Molecular Ecology,	 11,	 1029–1037.	 https://doi.
org/10.1046/j.1365-294X.2002.01504.x
Weir,	B.	S.,	&	Cockerham,	C.	C.	(1984).	Estimating	F-	statistics	for	the	anal-














Wright,	 S.	 (1978).	 Evolution and the genetics of populations. IV Variability 





Additional	 Supporting	 Information	may	 be	 found	 online	 in	 the	 sup-
porting	information	tab	for	this	article.	
How to cite this article:	Healey	AJE,	McKeown	NJ,	Taylor	AL,	
et	al.	Cryptic	species	and	parallel	genetic	structuring	in	
Lethrinid	fish:	Implications	for	conservation	and	management	
in	the	southwest	Indian	Ocean.	Ecol Evol. 2018;00:1–14. 
https://doi.org/10.1002/ece3.3775
